Abstract. We present the results of a survey for damped (DLA, log N(H i) > 20.3) and sub-damped Lyman-α systems (19.5 < log N(H i) < 20.3) at z > 2.55 along the lines-of-sight to 77 quasars with emission redshifts in the range 4 < z em < 6.3. Intermediate resolution (R ∼ 4300) spectra have been obtained with the Echellette Spectrograph and Imager (ESI) mounted on the Keck telescope. A total of 100 systems with log N(H i) > 19.5 are detected of which 40 systems are damped Lyman-α systems for an absorption length of ∆X = 378. About half of the lines of sight of this homogeneous survey have never been investigated for DLAs. We study the evolution with redshift of the cosmological density of the neutral gas and find, consistently with previous studies at similar resolution, that Ω DLA,H I decreases at z > 3.5. The overall cosmological evolution of Ω H I shows a peak around this redshift. The H i column density distribution for log N(H i) ≥ 20.3 is fitted, consistently with previous surveys, with a single power-law of index α ∼ -1.8±0.25. This power-law overpredicts data at the high-end and a second, much steeper, power-law (or a gamma function) is needed. There is a flattening of the function at lower H i column densities with an index of α ∼ −1.4 for the column density range log N(H i) = 19.5−21. The fraction of H i mass in sub-DLAs is of the order of 30%. The H i column density distribution does not evolve strongly from z ∼ 2.5 to z ∼ 4.5.
Introduction
The amount of neutral gas in the Universe is an important ingredient of galaxy formation scenarios because the neutral phase of the intergalactic medium is the reservoir for starformation activity in the densest places of the universe where galaxies are to be formed. It is therefore very important to make a census of the mass in this phase and to determine its cosmological evolution (see e.g. Péroux et al. 2001 ).
The gas with highest H i column density is detected through damped Lyman-α absorptions in the spectra of remote quasars. Although damped wings are seen for column densities of the order of log N(H i) ∼ 18, the neutral phase corresponds to log N(H i) ≥ 19.5 (Viegas 1995) . The column density defining the so-called damped Lyman-α (DLA) systems has been taken to be log N(H i) ≥ 20.3 because this corresponds to the critical mass surface density limit for star formation (Wolfe et al. 1986 ) but also because the equivalent width of the corresponding absorption is appropriate for a search of these systems in low resolution spectra. Therefore several definitions have been introduced. Ω DLA g is the mass density of baryons in DLA systems, defined arbitrarily as systems with log N(H i) ≥ 20. 3 . Ω H I g is the mass density of neutral hydrogen in all systems : DLAs, Lyman limit systems (LLS) and the Lyman-α forest. The mass density of H i in the Lyman-α forest is negligible because the slope of the H i column density distribution is larger than −2 (∼ −1.5; the gas is highly ionized). It is more difficult to estimate the contribution of LLS as the column density of these systems is very difficult to derive directly because the Lyman-α line lies in the logarithmic regime of the curve of growth.
However, Ω H I g is not easily related to physical quantities as the LLS with log N < 19.5 are at least partly ionized when the ones with log N > 19.5 are not (see e.g. Meiring et al. 2008) . On the contrary, as emphasized by Prochaska et al. (2005) , hereafter PHW05, the mass density of the neutral phase, Ω neut g , is a good indicator of the mass available for star-formation and should be prefered instead. Note that Ω neut g is not equal to Ω DLA g . The column density limit at which the gas is mostly neutral cannot be defined precisely but should lie between log N(H i) = 19 and 19.5. In any case, a conservative position is to consider that all systems above 19.5 are neutral.
Whether or not the mass of the neutral gas in the systems with 19.5 < log N(H i) < 20.3 (the so-called sub-DLAs or super-LLS) is negligible has been the source of intense discussions in recent years. Note that these discussions are related to the mass in the neutral phase only. Indeed, it is known for long (e.g. Petitjean et al. 1993 ) that the total mass associated with the Lyman limit systems is larger than that of DLAs. Indeed the gas in the LLS phase is mostly ionized and located in extended halos whereas DLAs are located in dense and compact regions. Péroux et al. (2003) , hereafter PMSI03, have been the first to consider the sub-DLAs as an important reservoir of neutral gas. They claim that at z > 3.5, DLAs could contain only 50% of the neutral gas, the rest being to be found in sub-DLAs. When correcting for this, they find that the comoving mass density shows no evidence for a decrease above z = 2. PHW05 questionned this estimate. They use the Sloan Digital Sky Survey to measure the mass density of predominantly neutral gas Ω is not settled yet. In addition, the evolution of Ω neut g at the very high redshift, z > 4, is not known yet. PHW05 claim that there is no evolution of Ω DLA g for z > 3.5 but they caution the reader that results for z > 4 should be confirmed with higher resolution data. The reason is that the Lyman-α forest is so dense at these redshifts that it is very easy to misidentify a strong blend of lines with a DLA. Therefore Ω DLA g can be easily overestimated. In this paper we present the result of a survey for DLAs and sub-DLAs at high redshift (z > 2.55) using intermediate resolution data. We identify a total of 100 systems with log N(H i) ≤ 19.5 of which 40 are DLAs over the redshift range 2.88 ≤ z abs ≤ 4.74 along 77 lines-of-sight towards quasars with emission redshift 4 ≤ z em ≤ 6.3. The sample and data reduction are presented in Section 2. In Section 3 we describe the procedures used to select the absorption systems. Section 4 analyses statistical quantitities characterizing the evolution of DLAs and sub-DLAs and discusses the cosmological evolution of the neutral gas mass density. Conclusions are summarized in Section 5. Throughout the paper, we adopt Ω m = 0.3, Ω Λ = 0.7 and H 0 = 72 km s −1 .
Observation and data reduction
Medium resolution (R ∼ 4300) spectra of all z > 3 quasars discovered in the course of the DPOSS survey (Digital Palomar Observatory Sky Survey; see, e.g., Kennefick et al. 1995 , Djorgovski et al. 1999 Table 1 for details). We provide in Table 1 a summary of the observation log for the 99 quasars. Columns 1 to 8 give, respectively, the quasar's name, the emission redshift, the apparent R magnitude, the J2000 quasar coordinates, the date of observation, the exposure time and the notes. The echelle mode allows to cover the full wavelength range from 3900 Å to 10900 Å in ten orders with ∼ 300 Å overlap between two adjacent orders. The instrument has a spectral dispersion of about 11.4 km s −1 pixel −1 and a pixel size ranging from 0.16 Å pixel −1 in the blue to 0.38 Å pixel −1 in the red. The 1 arcsec wide slit is projected onto 6.5 pixel resulting in a R ∼4300 spectral resolution.
Data reduction followed standard procedures using IRAF for 70% of the sample and the programme makee for the remaining. For the IRAF reduction, the procedure was as follows. The images were overscan corrected for the dual-amplifier mode. Each amplifier has a different baseline value and different gain which were corrected by using a script adapted from LRIS called esibias. Then all the images were bias subtracted and corrected for bad pixels. The images were divided by a normalized two-dimensional flat-field image to remove individual pixel sensitivity variations. The flat-field image was normalized by fitting its intensity along the dispersion direction using a high order polynomial fit, while setting all points outside the order aperture to unity. The echelle orders were traced using the spectrum of a bright star. Cosmic rays were removed from all two-dimensional images. For each exposure the quasar spectrum was optimally extracted and background subtracted. The task apall in the IRAF package echelle was used to do this. The CuAr lamps were individually extracted using the quasar's apertures. Lines were identified in the arc lamp spectra by using the task ecidentify and a polynomial was fitted to the line positions resulting in a dispersion solution with a mean RMS of 0.09 Å. The dispersion solution computed on the lamp was then assigned to the object spectra by using the task dispcor. Wavelengths and redshifts were computed in the heliocentric restframe. The different orders of the spectra were combined using the task scombine in the IRAF package. It is important to note that the signal-to-noise ratio drops sharply at the edges of the orders. We have therefore carefully controlled this procedure to avoid any spurious feature.
The SNR per pixel was obtained in the regions of the Lyman-α forest that are free of absorption and the mean SNR value, averaged between the Lyman-α and Lyman-β QSO emission lines, was computed. We used only spectra with mean SNR ≥ 10. For simplicity, we excluded from our analysis broad absorption line (BAL) quasars. We therefore used 77 lines-ofsight out of the 99 available to us.
The continuum was automatically fitted (Aracil et al. 2004; Guimarães et al. 2007 ) and the spectra were normalized. We checked the normalization for all lines-of-sight and manu-ally corrected for local defects especially in the vicinity of the Lyman-α emission lines and when the Lyman-α forest is strongly blended.
Metallicities measured for twelve z > 3 DLAs observed along five lines-of-sight of this sample have been published by Prochaska et al. (2003b) ; see also Prochaska et al. (2003a) .
Identification of Damped and sub-Damped
Lyman-α systems
We used an automatic version of the Voigt profile fitting routine VPFIT (Carswell et al. 1987 ) to decompose the Lyman-α forest of the spectra in individual components. As usual, we restricted our search outside of 3000 km s −1 from the QSO emission redshift. This is to avoid contamination of the study by proximate effects such as the presence of overdensities around quasars (e.g. Rollinde et al. 2005 , Guimarães et al. 2007 .
From this fit we could identify the candidates with log N(H i) − error ≥ 19.5. We then carefully inspected each of these candidates individually with special attention to the following characteristics of DLA absorption lines: -the wavelength range over which the line is going to zero; -the presence of damped wings; -the identification of associated metal lines when possible. The redshift of the H i absorptions was adjusted carefully using the associated metal absorption features and the final H i column density was then refitted using the high order lines in the Lyman series when Lyman series are covered by our spectrum and not blended with other lines. After applying the above criteria, 100 DLAs and sub-DLAs with log N(H i) ≥ 19.5 were confirmed. A total of 65 systems were not previously used for Ω DLA,H I /Ω sub−DLA,H I estimations, 21 of which are DLAs and 44 are sub-DLAs. Their characteristics are given in Table 2 : Columns 1 to 7 give, respectively, the QSO's name; the emission redshift estimated as the average of the determinations from the peak of the Lyα emission and from the peak of a Gaussian fitted to the CIV emission line; the minimum redshift along a DLA/sub-DLA could be detected; the maximum redshift along a DLA/sub-DLA could be detected; the redshift of the DLA/sub-DLA; the DLA/sub-DLA H i column density; associated detected metal lines and notes. Lyman series and selected associated metal lines are shown in the Appendix "List of Figures". The QSO lines of sight of our sample along which we detect no DLA and/or sub-DLA are listed in Table 3 . Comments on DLA/sub-DLA systems differences between our measurements and measurements by others are in the Appendix "Notes on Individual Systems".
The metal lines have been searched for using a search list of the strongest atomic transitions given in Table 4 . The corresponding absorptions have been fitted using the package VPFIT. A full account of this metallic column densities and the corresponding abundances is out of the scope of this paper and will be presented elsewhere (Guimarães et al., in preparation).
Analysis
Using the procedure described in the previous Section, we detect 100 systems with log N (H i) ≥ 19.5, out of which 40 are DLAs. We use this sample to investigate the characteristics of the neutral phase over the redshift range 2.5 ≤ z ≤ 5. We compare in Fig 1 the redshift smaller than that of the SDSS survey (PHW05), it is at z > 3.5 similar to the surveys by Péroux et al. (2001 Péroux et al. ( , 2003 . Note that our survey is homogeneous and at spectral resolution twice or more larger than previous surveys. The H i column density distribution of the 100 DLAs and sub-DLAs measured in this work and that of the systems with log N(H i) ≥ 20.3 in PMSI03 are shown in Fig. 2 . We are confident that we do not miss a large number of sub-DLAs down to the above limit.
To give a global overview of the survey, we plot in Fig. 3 , log N(H i) versus z abs for the 65 unpublished damped/sub-DLA absorption systems. In the same figure we show for comparison the data points from the Péroux et al. (2001) survey.
In Figure 4 , we plot for comparison, as a function of redshift, the difference between the H i column densities measured for the same systems by us and by either Péroux et al. (2005) from high-resolution data or Prochaska & Wolfe (2009) 
Column Density Distribution Function
The H i absorption system frequency distribution function is defined as:
where m sys is the number of absorption systems with a column density comprized between N − ∆N/2 and N + ∆N/2 and observed over an absorption distance interval of ∆X. The total absorption distance coverage, n i ∆X i , is computed over the whole sample of n QSO lines-of-sight. The absorption distance, X, is defined as
where
For one line-of-sight, ∆X(z) = X(z max )−X(z min ), with z max being the emission redshift minus 3000 km s −1 and z min is the redshift of an H i Lyman-α line located at the position of the QSO Lyman-β emission line. In Figure 5 we show the function f (N, X) obtained from our statistical sample over the redshift range z = 2.55 − 5.03 and for log N(H i) ≥ 19.5. It can be seen that there is no break at the low column density end, between log N(H i) = 19.5 and 20.6. This makes us confident that we are complete down to log N(H i) = 19.5. The vertical bars indicate 1σ errors. The horizontal bars indicate the bin sizes plotted at the mean column density for each bin. PHW05 results in the redshift range Although our data points are consistent within about 1σ with those of PHW05, it seems that the overwhole shape of the function is flatter in our data. Note that we do not detect any system with log N(H i) > 21.25. Data points from Péroux et al. (2005) , hereafter PDDKM05, are also overplotted. Our point at logN(H i) = 19.5 is consistent with theirs.
A power-law, a gamma function and/or a double powerlaw are usually used to fit the frequency distribution. It is apparent from Fig. 5 that a power-law (of the form f (N, X) = K × N −α ) fits the function nicely over the column density range 19.5 < log N(H i) < 21. The index of this power spectrum (see Table 5 ) is larger (α ∼ -1.4) than what is found by PHW05 but over a smaller column density range log N(H i) > 20.3. The discrepancy is apparently due to the difference in the column density ranges considered by both studies. If we restrict our fit to the same range as PHW05 we find an index of α ∼ -1.8±0.25 which is consistent with the results of PHW05. We note that PDDKM05 already mentioned that the small end of the column density distribution is flatter than α = −2.
There is a large deficit of high column density systems in our survey compared to what would be expected from the single power-law fit. This has been noted before and discussed in detail by PHW05. A double power-law was used to fit our full sample with better result (see Table 5 ). However, the sharp break in the function at log N(H i) ∼ 21 suggests a gamma func- (Pei & Fall 1995) should better describe the data.
We have calculated the frequency distribution function, f (N, X), in different redshift bins of equal distance path : 2.55 −3.40; 3.40−3.83 and 3.83−5.03 . Results are shown in Fig.  6 . The functions are fitted as described above and fit results are given in Table 5 . We find that the function do not evolve much with redshift. This is consistent with the finding by PHW05 that the global characteristics of the function are not changing much with time. There is however a tendancy for a flattening of the function which may indicate that the number of sub-DLAs relatively to other systems is larger at lower redshift. Although we do not think this is the case because we have used a conservative approach, part of this evolution at the highest redshift could possibly be a consequence of loosing the sub-DLAs in the strongly blended Lyman-α forest at z > 4. We note also a slight decrease of the number of systems with log N(H i) > 20.5 at the highest redshifts. This is consistent with the finding by PDDKM05 that the relative number of high column density DLAs decreases with redshift.
Another way to look at these variations is to compute the redshift evolution of the number of (sub)DLAs per unit path length. The observed density of systems is defined as
Results obtained during the present survey together with those of PWH05 and PDDKM05 are plotted in Figure 7 . The important feature of this plot is that the number density of DLAs peaks at z ∼ 3.5. In addition, the ratio of the number of sub-DLAs to the number of DLAs is larger at redshift <3.5 compared to higher redshifts.
Neutral hydrogen cosmological mass density, Ω H I
The comoving mass density of neutral gas is given by
where the density is in units of the current critical density ρ 0 ; m H is the mass of the hydrogen atom, µ = 1.3 is the mean molecular weight, ∆X the absorption length and the summation of column densities is done over all absorption systems detected in the survey. Results are shown in Fig. 8 and summarized in Table 6 . The three redshift bins considered are defined so that the absorption length is equal in each bin. The different columns of Table 6 give, respectively, the redshift range, the mean redshift, the number of lines-of-sight involved, the number of DLAs and sub-DLAs detected over this redshift range, the absorption length (calculated using z min and z max as defined in Table 2 ), the resulting H i cosmological densities for, respectively, DLAs only or both DLAs and sub-DLAs.
Results from PHW05 and PDDKM05 are also plotted on Figure 8 . It can be seen that we confirm the decrease of Ω H I for z > 3 that was noticed by PDDKM05. The measurement from the SDSS in this redshift range is higher. However, our survey is of higher spectral resolution and should in principle be more reliable in this redshift range. It seems that the evolution of Ω H I is a steep increase from z = 2 to z = 3 and then a slightly flatter decrease up to z = 5. The inclusion of the sub-DLAs does not change this picture as sub-DLAs contribute to a maximum of about 30% to the total H i mass. The contribution by sub-DLAs is better seen in Fig. 9 where we plot the cumulative density versus the maximum H i column density considered. As noted already by numerous authors, the discrepancy of measurements at z < 1.5 is still a problem.
It can be also seen from the Figure 8 that Ω H I are lower than Ω stellar , the mass density in stars in local galaxies. We find for the ratio of the peak value of Ω H I to Ω stellar for this work R ∼ 0.45. Previous surveys, PDDKM05 and PHW05, have found for the ratio 0.37 and 0.40 respectively.
Discussion
We have presented the results of a survey for damped and subdamped Lyman-α systems (logN(H i) ≥ 19.5) at z ≥ 2.55 along the lines-of-sight to 77 quasars with emission redshifts in the range 4 ≥ z em ≥ 6.3. In total 99 quasars were observed but 22 lines-of-sight were not used because of not enough SNR and/or because of the presence of broad absorption lines.
Intermediate resolution (R ∼ 4300) spectra have been obtained with the Echellette Spectrograph and Imager (ESI) mounted on the Keck telescope. The damped Lyman-α absorptions are identified on the basis of (i) the width of the saturated absorption, (ii) the presence of damped wings and (iii) the presence of metals at the corresponding redshift. The detection is run automatically but all lines are verified visually. A total of 100 systems with log N(H i) ≥ 19.5 are detected of which 40 systems are Damped Lyman-α systems (log N(H i) ≥ 20.3) for an absorption length of ∆X = 378. Spectra are shown in Appendix.
PHW05 have derived from SDSS data that the cosmological density of the neutral gas increases strongly by a factor close to two from z ∼ 2 to z ∼ 3.5. Beyond this redshift, measurements are more difficult because the Lyman-α forest is dense. Our measurements should be more reliable because of better spectral resolution. We show, consistently with the findings of PDDKM05, that the cosmological density of the neutral gas decreases at z > 3.5. The overall cosmological evolution seems therefore to have a peak at this redshift.
We find that the H i column density distribution does not evolve strongly from z ∼ 2.5 to z ∼ 4. The one power-law fit in the range log N(H i) > 20.3 gives an index of α = −1.80±0.25, consistent with previous determinations. However, we find that the fit over the column density range log N(H i) = 19.5−21 is quite flat (α ∼ 1.4). This probably indicates that the slope at the low-end is much flatter than −2. This power-law overpredicts data at the high-end and a second much steeper power-law (or a gamma function) is needed. The fraction of H i mass in sub-DLAs is of the order of 30%. Our data do not support the claim by PDDKM05 that the incidence of low column-density sytems is larger at high redshift. The number density of subDLAs seems to peak at z ∼ 3.5 as well. It is apparent that statistical errors are still large in our survey. It would be therefore of first importance to enlarge the sample of (sub)DLAs at high redshift. For this we need to go to fainter quasars however. The advent of X-shooter, a new generation spectrograph at the VLT with a spectral resolution of R = 6700 in the optical, should allow this to be done in a reasonable amount of observing time.
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